Cigarette smoking and alcohol drinking are two major risk factors for esophageal cancer. Not all, but several of case-control studies have indicated interaction between the two factors; however, no prospective study has validated this phenomenon to date. Therefore, the interaction between smoking and alcohol drinking is still open-ended question. To answer this, we conducted a pooled analysis using large-scale population-based cohort studies in Japan. Male subjects from eight cohort studies were included. Cigarette smoking and alcohol drinking were both categorized categorically (never/ever), and in the three consumption levels of pack years and ethanol consumption/day. Effects of smoking and drinking in each study were estimated by Cox regression models. The study-specific results were combined through meta-analysis to obtain summary effects of hazard ratios (HRs) and measures of interactions at both additive and multiplicative scales. Population attributable fractions (PAFs) from smoking and drinking were obtained using distributions of exposures
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| INTRODUCTION
Cigarette smoking and alcohol drinking are serious public health issues. WHO has estimated that 8.7% of global deaths in 2004 and 3.7% of disability-adjusted life years (DALYs) were attributable to cigarette smoking. 1 Moreover, alcohol drinking caused 3.6% of deaths and 4.4% of DALYs. An accurate understanding of the risk of cigarette-and alcoholrelated diseases in each population will allow the current impact of these practices to be identified. In addition, this understanding of risk will also be useful in predicting the effect of intervention, because cigarette smoking and alcohol drinking are modifiable risk factors.
Both cigarette smoking and alcohol drinking have been established as major risk factors for esophageal cancer. [2] [3] [4] [5] [6] Biological evidence supports the idea that tobacco extracts and ethanol have an interactive effect in carcinogenesis. 7, 8 To support this, several, but not all, case-control studies showed that cigarette smoking and alcohol drinking have an interactive effect on esophageal cancer risk. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In contrast, four cohort studies and a case-cohort study have failed to replicate this interactive effect of two factors [26] [27] [28] [29] [30] [31] (Table 1) . Therefore, although the interaction between smoking and alcohol drinking has been recognized as an answered question, 32 this question remained an unanswered one warranting a further investigation in prospective cohort studies.
There are two important points in evaluating the interaction between cigarette smoking and alcohol drinking for esophageal cancer risk in cohort studies. First, only two studies reported the magnitude of interaction for esophageal cancer risk. 15, 17 However, this information is necessary if the attribution of cigarette smoking and alcohol drinking is to be estimated. Greater statistical power is required to assess the relevant magnitude of interaction on esophageal cancer risk. Second, interaction between two exposures should be assessed both multiplicatively and additively. Previous evaluations often measured the interaction on a multiplicative scale, because this measure could be obtained calculated by most software packages. In contrast, interaction was rarely measured on an additive scale because of the additional work required to estimate measures of additive interaction. 15, 33, 34 Nevertheless, additive interaction is a relevant measure for assessing the public health significance of interaction, because tests for additive interaction sometimes have greater power to detect an interaction than tests for multiplicative interaction. 34 In addition, interaction on an additive scale might be more appropriate than multiplicative interaction when estimating the impact of interventions. 35, 36 Furthermore, type of interaction might suggest theory of carcinogenesis. Under a multistage theory of carcinogenesis, additivity of action of two factors might occur if each act independently on the same stage, whereas multiplicativity of action might be observed if each factor acts on a different carcinogenic stage. 37 In this context, additive and multiplicative interactions represent a way of quantifying departure from these two hypotheses about the effect of the factors on the carcinogenic process. Accordingly, interaction between cigarette smoking and alcohol drinking for esophageal cancer risk should be assessed quantitatively on both an additive and multiplicative scale.
Here, we conducted a pooled analysis using large-scale population-based cohort studies in Japan to accurately estimate the joint effect of cigarette smoking and alcohol drinking on esophageal cancer risk.
| METHOD

| Study population
In 2006, the Research Group for the Development and Evaluation of Cancer Prevention Strategies in Japan began pooling original data from major cohort studies to evaluate the association between lifestyle and major cancers in Japanese, along with systematic reviews of the relevant literature. and fully adjusted HRs. In 162 826 male subjects, 954 esophageal cancer incidences were identified. HRs of ever smoking, ever drinking, and their combination were 2.92 (1.59-5.36), 2.73 (1.78-4.18), and 8.86 (4.82-16.30) , respectively. Interaction between cigarette smoking and alcohol drinking was significantly positive on the additive scale, but not significant on the multiplicative scale. The joint effect of smoking and drinking in three levels of evaluation showed a similar significant super-additive interaction. PAFs from smoking, drinking, and their combination were 55.4%, 61.2%, and 81.4%, respectively. Cigarette smoking and alcohol drinking had a significant positive additive interaction for esophageal cancer risk.
K E Y W O R D S
alcohol drinking, cigarette smoking, esophageal cancer, interaction, pooled analysis Topics for the pooled analysis were determined based on their scientific and public health importance, as determined by discussions among group members. For the present analysis, the following a priori inclusion criteria were established: population-based cohort studies conducted in Japan; study initiation between the mid-1980s and mid-1990s; inclusion of more than 30 000 participants; and baseline collection of information on diet, alcohol intake, and smoking.
Subjects in this study were from eight representative large-scale cohort studies in Japan: (a) the Japan Public Health Center-based Prospective Study (JPHC-I), 38 (b) JPHC-II, 38 (c) the Japan Collaborative Cohort Study (JACC), 39 (d) the Ohsaki National Health Insurance Cohort Study (OHSAKI), 40 (e) the Miyagi Cohort Study (MIYAGI), 41 (f) the Three-Prefecture Cohort Study, Miyagi (3-pref MIYAGI), 42 (g) the Three-Prefecture Cohort Study, Aichi (3-pref AICHI), 42 and (h) the Takayama Study (TAKAYAMA) 43 (Table 1) . These studies all commenced after the mid-1980s and each enrolled more than 30 000 participants. Residence status in each study, including survival, was confirmed through the residential registry. Female subjects were excluded because the numbers of incident esophageal cancer cases, cigarette smokers, and alcohol drinkers were too small to analyze. Variables used in data linkage, censoring criteria, and the method used to obtain information on cancer incidence in each study are provided in Table  S1 . Study quality was assessed using Newcastle-Ottawa Scale. The scores were eight in all the cohort studies. 44 Each study was approved by its relevant institutional ethics review board.
| Assessment of exposure
Exposure data were retrieved from self-administered questionnaire surveys conducted at baseline in each study. For cigarette smoking status, subjects were categorized as never or ever smokers. Cumulative cigarette smoking was evaluated using pack-years, calculated by multiplying the number of packs consumed per day by the number of years of smoking, then classified into the three categories of 0, 0< and ≤40, and >40 pack-years. For alcohol drinking status,
RR of heaviest smoking and CI
RR of heaviest drinking and CI
Joint effect of heaviest smoking and drinking
Statistical test of multiplicative interaction
Statistical test of additive interaction subjects were categorized as never or ever drinkers. Alcohol drinking was categorized by amount as <23, 23 to <46, or ≥46 ethanol g/day. The cut point of 23 g ethanol was defined on the basis that some questionnaires collected consumption data in terms of one "go" (180 mL), a term for a Japanese sake equivalent, which contains 23 g ethanol.
| Assessment of outcome
The individual studies identified esophageal cancer cases via local cancer registries or direct access to major local hospitals. Information on cancer diagnosis was collected for the whole population and was coded using the International Classification of Diseases for Oncology, Third Edition (ICD-O3). 45 Study outcome was defined as the incidence of esophageal cancer (ICD-9:150.0-150.9, 46 ICD-10 46 or ICD-O3: C15.0-C15.9) during the follow-up period of each study. 
| Statistical analysis
The analysis was based on a three-step approach: first, Cox regression models were used in each study to obtain estimates of the effect of smoking and drinking; second, these study-specific results were combined through meta-analysis; and finally, the summary effects were used to compute various measures of interaction.
| Estimation of the study-specific effects of smoking and alcohol consumption
In the context of categorical variables (here, smoking and alcohol consumption), the calculation of interaction measures relies on fitting models saturated for the relationship between these factors (ie, we estimated a different hazard ratio for each combination of categories). Potential confounders were considered to be age at baseline (continuous), study area (only for JPHC-I, -II, and JACC), body mass index (BMI, 14 to <19, 19 to <21, 21 to <23, 23 to <25, 25 to <27, 27 to <30 kg/m 2 , and missing), and vegetable and fruit intake (never, 1-2 days/week, 3-4 days/ week, 5-7 days/week, and missing). The study estimated two types of hazard ratios (HRs): Model 1, which adjusted for age and area; and Model 2, which adjusted for age, area, BMI, and vegetable and fruit intake. We further estimated HRs which excluded cases within two years of baseline (Model 3).
| Estimation of summary effects by meta-analysis
Because the effects of smoking and alcohol in the previously described multivariable Cox models were estimated jointly, we used multivariate meta-analysis 47, 48 to account for the fact that estimates coming from the same study were correlated. More precisely, we conducted random effects multivariate analyses based on likelihood maximization. 47 Firth correction was used to deal with perfect prediction, that is, the fact that there might be no cases for some combinations of risk factor categories.
| Measures of interaction
The interaction of two risk factors refers to the fact that the effect of exposure to one factor might be modified by exposure to the second factor. In accordance with current interpretation of what a modification of the effect represents (which might depend on available knowledge on the biological mechanisms underlying the effects of the factors), two main types of interaction can be defined, an additive interaction and a multiplicative interaction. To explain these concepts, consider two binary risk factors, E1 and E2, and RR 10 , RR 01 , and RR 11 , the relative risks corresponding respectively to exposure to E1 only, E2 only, and to the combined exposure to E1 and E2 (note that we can extend this notation with RR 00 = 1 corresponding to the relative risk for the nonexposed). Now say that RR 10 = 2 and RR 01 = 3. The additivity of the effects of the factors would correspond to the situation where RR 11 = 4, that is, RR 11 − RR 10 = RR 01 − 1, whereas multiplicativity would correspond to the situation where RR 11 = 6, that is, RR 11 = RR 10 × RR 01 . According to the theory of how factors interact (at the biological level) to increase the risk of disease occurrence, we might understand "effect measure modification" as expressing a departure from multiplicativity (ie, RR 11 ≠ RR 10 × RR 01 ) or, and more commonly in the epidemiological context, as expressing a departure from additivity (ie, RR 11 − RR 10 ≠ RR 01 − 1). From a computational point of view, multiplicative interaction can usually be assessed very easily because commonly used models (logistic regression, Poisson regression, Cox model) specify a multiplicative relationship between the factors. Consequently, multiplicative interaction can be assessed through the interaction term included between the factors in the formula of the model. In the case of additive interaction, we calculated in this work three commonly used measures, namely the relative excess risk due to interaction, RERI = RR 11 − RR 10 − RR 01 + 1; the synergy index, Syn = (RR 11 − 1)/[(RR 10 − 1) + (RR 01 − 1)]; and the attributable proportion, AP = (RR 11 − RR 10 − RR 01 + 1)/RR 11 . 49 RERI > 0, Syn > 1, and AP > 0 means positive (super-additive) interaction.
In the case of categorical variables with more than two categories, we considered category by category interactions; that is, | 6419 OZE Et al if E1 had N1 categories and E2 had N2 categories, the interaction measures between exposure to category i (2 ≤ i ≤ N 1 ) of E1 and to category j (2 ≤ j ≤ N 2 ) of E2 were based on the preceding formulas, replacing RR 10 by RR i1 , RR 01 by RR 1j , RR 11 and by RR ij .
| Confidence interval estimation for the summary estimates
For the summary (meta-analytic) estimates of hazard ratios and multiplicative interactions, confidence intervals (CIs) were obtained by simple computation on the basis that these quantities were monotonous transformations of linear combinations of the estimated summary coefficients.
For the summary measures of additive interactions, CIs were obtained by Monte Carlo simulation (sample n = 1 000 000) in the multivariate distribution of summary coefficients, assuming that this distribution is a multivariate normal.
| Population attributable fractions
Population attributable fractions (PAFs) were obtained by using the distribution of exposure to smoking and drinking in the study population and the summary hazard ratios of the fully adjusted model (Model 2).
PAFs for two the dichotomous exposures (E1, E2) were calculated by the following formulas:
Similarly, PAFs for the two categorical exposures with three levels each (numbered 1 to 3) were calculated by the following formulas:
where RR_11 = 1 is the relative risk in the reference category of exposure to both factors.
| RESULTS
The present pooled analysis included eight cohort studies, comprising 162 826 male subjects with 954 incident esophageal cancer cases during 2 053 871 person-years of followup (average follow-up 12.6 years) ( Table 2) . At baseline, the proportion of ever smokers and ever drinkers was 60.6% and 78.5%, respectively. Almost half of subjects (49.1%) experienced both cigarette smoking and alcohol drinking. Cumulative smoking and amount of alcohol drinking were evaluated in five cohort studies (JPHC-II, JACC, MIYAGI, OHSAKI, and TAKAYAMA). The proportion of subjects with heaviest smoking and drinking (more than 40 packyears of smoking and consumption of 46 g or more ethanol a day) was 8.1% (Table S2) .
Esophageal cancer risk of smoking status, drinking status, and their interactions are shown in Table 3 . In the age-and area-adjusted model (model 1), HRs and their 95% CIs of cigarette smoking, alcohol drinking, and their combination were 2.92 (1.59-5.36), 2.73 (1.78-4.18), and 8.86 (4.82-16.30), respectively. A statistically significant and positive interaction in the additive scale was observed with an RERI of 4.21 (2.26-8.13), synergy of 2.16 (1.83-2.77), and AP of 0.48 (0.40-0.54). When the interaction was evaluated multiplicatively, the interaction of smoking and alcohol was 1.11 (0.74-1.69). The direction of multiplicative interaction was the same as that for additive interaction, but the magnitude was small and without statistical significance. The multivariate-adjusted HRs and HRs with the exclusion of early cases were similar to those in model 1.
Cumulative smoking and amount of alcohol drinking and their interaction for the risk of esophageal cancer is shown in Table 4 . Compared to people who did not smoke and drank less than 23 g of alcohol a day, those who drank 46 g or more had an HR of 5.29 (2.90-9.65) and those with more than 40 packyears had an HR of 4.80 (2.97-7.77) in the age-and area-adjusted model (model 1). These HRs were increased by alcohol consumption in each cumulative smoking level. All interactions between alcohol drinking levels and cumulative smoking with multiplicative evaluation were negative in direction and lacked statistical significance. On the other hand, additively evaluated interactions were positive for risk. In particular, the additive interaction among those with a combination of more than 40 pack-years of smoking and consumption of 46 g or more of alcohol a day was significantly positive, with an RERI of 8.47 (2.20-16.16 | 6421
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The PAF of esophageal cancer incidence from cigarette smoking and alcohol drinking was estimated ( Table 5 ). PAF from ever smoking, ever drinking, and the combination of both ever smoking and ever drinking was 55.4%, 61.2%, and 81.4%, respectively. Similarly, PAF from cumulative smoking, amount of alcohol drinking, and their combination was 49.7%, 59.5%, and 84.0%, respectively.
| DISCUSSION
We conducted a pooled analysis of eight large populationbased cohort studies to quantitatively estimate esophageal cancer risk of cigarette smoking and alcohol consumption among Japanese males. To our knowledge, this pooled study represents the largest evaluation of the magnitude of the impact of cigarette smoking and alcohol drinking for esophageal cancer. In addition, it is the first pooled analysis of population-based cohort studies to evaluate the interaction of cigarette smoking and alcohol drinking in both multiplicative and additive scales.
Cigarette smoking alone was associated with a 2.77 times' higher risk of esophageal cancer in this study. Our previous meta-analysis of published articles focusing on Japanese populations showed a consistent summary estimate of 3.01. 50 In addition, pack-years showed clear dose-response relationships with esophageal cancer risk. Likewise, alcohol drinking alone was associated with a 2.76 times' higher risk of esophageal cancer, which was consistent with our previous meta-analysis. 51 A clear dose-response relationship was shown between the amount of alcohol drinking and esophageal cancer risk. Esophageal cancer control might legitimately take account of not only the significance of risk by cigarette smoking and alcohol drinking, but also the magnitude of these risks.
This study assessed the interaction between cigarette smoking and alcohol drinking. When the interaction was assessed multiplicatively, the interaction in ever smoking and ever drinking was non-significant and slightly positive, whereas the interaction in smoking of more than 40 packyears and drinking 46 or more grams of ethanol a day was non-significant and negative. Therefore, in this study, we did not observe any evidence of multiplicative interaction. In other words, the magnitude of combination effect of smoking and drinking by dichotomous and trichotomous categorization was compatible with what we expected from multiplicative model without multiplicative interaction. In contrast, when we evaluate those interactions in additive scale, the interactions were consistently positive and statistically significant. In addition, magnitude of interaction in additive scale showed dose-response relationship with cigarette smoking and alcohol drinking. This consistency, dose-response relationship, and biological plausibility support the idea that cigarette smoking and alcohol drinking interacts in an additive way.
Additive interaction has an interpretation in terms of the presence of biological interaction between the factors. Various gene alterations for esophageal cancer carcinogenesis were reported. Recent study suggested that distributions of gene mutations in physiologically normal epithelia and esophageal squamous cell carcinoma were different. 52 Thus, accumulation of non-specific gene alteration in normal esophageal mucosa and esophageal cancer-specific gene alteration might be necessary for esophageal carcinogenesis. When multistage carcinogenesis theory was assumed, accumulation of non-specific gene alteration might occur as first stage, then cancer-specific gene alteration as second stage might be required in esophageal carcinogenesis. Both cigarette smoking and alcohol drinking might mainly affect the first stage because of the additivity of their interaction and long duration of their exposure. Furthermore, cigarette smoking and alcohol drinking were associated with cancerspecific gene alteration. [52] [53] [54] The evidence might support the significant positive interaction in additive scale because both cigarette smoking and alcohol drinking might partly play a role in the second stage.
Results for PAF suggested that cigarette smoking and alcohol drinking cause more than 80% of esophageal cancer. Furthermore, smoking only or alcohol drinking only might cause around 50% and 60% of esophageal cancer, respectively. Simple summation of PAF from smoking and drinking was more than 100% because of the interaction between cigarette smoking and alcohol drinking. It just means that in some individuals, the presence of both factors is required for the cancer to occur. 55 As such, this is a quantity of interest to public health practitioners because acting on only one risk factor can not only prevent cases associated with exposure to this factor alone but also cases that need both exposures to happen. This also finds a practical translation in PAF estimations: in the absence of additive interaction, the PAF for a modification of exposure to both factors is equal to the sum of the PAFs for the modification of exposure to each factor separately whereas it is less than this sum in case of additive interaction. Thus, both quitting smoking and abstaining from alcohol would be the best way to reduce esophageal cancer incidence. However, either tobacco control or restriction of alcohol would likely provide an adequate degree of impact and might therefore be an option. Indeed, the impact of intervention might be an important point in planning public health policy to achieve esophageal cancer control with fewer costs.
The study has several strengths. First, it estimated interactions by both multiplicative and additive scales. Second, it pooled eight large population-based cohort studies in Japan. The magnitude of risks and interactions would therefore be valid and applicable to Japanese males. Several limitations should also be mentioned. First, female subjects were excluded from the study. Age-adjusted esophageal cancer incidence rate per 100,000 Japanese males and females in 2009 was 17.1 and 2.8, respectively. 56 Moreover, the prevalence of smoking and habitual drinking among females (9.0% and 9.3%, respectively) were much lower than those among males (28.2% and 42.9%, respectively). 57 Accordingly, any finding that the magnitude of relative risks and interaction in females were similar to those in males would suggest that cigarette smoking, alcohol drinking and their interaction might have less influence on esophageal cancer than in the present study.
In conclusion, we confirmed that cigarette smoking and alcohol drinking were risk factors for esophageal cancer in Japanese males. A significant positive additive interaction between cigarette smoking and alcohol drinking was found, although significant interaction on a multiplicative scale was not observed. PAF of cigarette smoking, alcohol drinking and their combination suggest that either quitting smoking or drinking alone might make a major contribution to esophageal cancer prevention. Note: PAF1 was calculated using person-years and HRs estimated by cigarette smoking status and alcohol drinking status. PAF2 was calculated using person-years and HRs estimated by cumulative smoking (pack-years) and amount of alcohol drinking status. HRs were adjusted for age, area, body mass index, vegetables and fruit intake. Abbreviation: PAF; population attributable fraction
